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ABSTRACT 
It has been previously demonstrated that both cytoplasmic microtubules and the 
microtubules  of  cilia,  flagella,  and  sperm  tail  contain  tubulin.  Although  the 
morphology of cytoplasmic microtubules and that of axonemes differs in cells from 
which they have been isolated, the tubulin of the two structures shares physical 
and chemical properties. In some mammalian tissues, such as tracheal epithelium, 
cilia  and  basal  bodies  are  difficult  to  isolate  and  characterize.  The  use  of an 
enzyme-labeled immunoglobulin probe would facilitate identification and in situ 
localization of such proteins. 
Tubulin  prepared  from  porcine  brain  by  ion-exchange  chromatography  and 
from  rat  brain  by  the  method  of cyclic  polymerization  and  depolymerization 
(5,  14)  with  subsequent  disk  gel  electrophoresis with  SDS  (17)  were  injected 
intravenously into rabbits. The animals were intermittently bled and the antisera 
extracted. The specificity of the antisera was proved by indirect immunofluores- 
cence  staining  of  the  mitotic  spindle,  specific blocking  of spindle  staining  by 
purified tubulin and not by other proteins, staining of 3T3 cytoplasmic microtu- 
bules,  single line on immunoelectrophoresis, failure of control antisera to show 
any of these, and precipitation of antibody with all tubulin preparations and not 
with actin. 
We have shown by electron microscopy of ciliated cells of the tracheal epithe- 
lium stained with antitubulin by the indirect enzyme-labeled antibody method that 
the basal bodies, outer doublets, and central pair of the cilia contain tubulin. This 
indicates  that  tubulin  in  microtubules  of cilia  and  basal  bodies  of rat  tracheal 
epithelium is antigenically similar to tubulin extracted from cytoplasmic neurotu- 
bules of brains from the same species and from a different mammalian species. No 
other axonemal structures stained with the antitubulin.  Three different prepara- 
tions of tubulin  from pigs and rats were used to immunize rabbits.  All elicited 
similar  antisera  which  gave  identical  staining  patterns.  The  specificity  of the 
staining  was  demonstrated  by the  absence  of staining  with  immune  serum  ab- 
sorbed with purified tubulin, the absence of staining with preimmune serum, and 
the  absence of staining if any of the reagents were omitted during the  staining 
reaction. 
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It has been shown biochemically that microtubules 
of cells (11) and axonemes of flagella from proto- 
zoans (8) are composed of tubulin, and immuno- 
fluorescence techniques have been used to demon- 
strate  that  cytoplasmic  microtubules  (2)  and  the 
mitotic spindle (5) of mammalian cells contain this 
protein.  Tubulin  has  also  been  recognized  as  a 
constituent of neurotubules of brain  cells  by im- 
munocytochemistry at the ultrastructural level (7). 
The  morphology,  molecular constituents, and or- 
ganization  of  tubules  which  comprise  the  axo- 
nemes of cilia, flagella, sperm tail, and basal bod- 
ies  have  been  extensively  studied  and  are  dis- 
cussed in detail in three recent reviews (4, 6,  15). 
The  morphology  of cilia and basal  bodies of the 
respiratory tract epithelium has been studied (13, 
16), but the molecular constituents forming these 
structures  have  not  been  determined.  We  have 
applied  a  modification of the highly sensitive en- 
zyme-labeled  anti-immunoglobulin  technique  of 
Nakane and Pierce (10) to tracheal epithelium of 
the rat to determine whether axonemes and basal 
bodies  of ciliated cells contain  proteins antigeni- 
cally similar to tubulin derived from brain. 
MATERIALS  AND  METHODS 
Preparation  of Antigen 
Two sources of tubulin were employed without any 
detectable difference in the resulting antisera. The first, 
which was a generous gift from Doctors G. Borisy and 
D.  Murphy of the University of Wisconsin, had been 
prepared from porcine brain by ion-exchange chroma- 
tography.  The  second was obtained from  rat brain by 
using the method of cyclic polymerization and depolym- 
erization described by Fuller et al. (5) and Shelanski et 
al. (14) or by the use of subsequent preparative disk gel 
electrophoresis in the presence of sodium dodecyl sulfate 
(SDS) as described by Wiche and Cole (17). The first 
preparation was judged to be 95%  pure and the latter 
over 99% pure by SDS-gel electrophoresis. 
The SDS gels of the crude and final tubulin prepara- 
tions are shown in Fig.  1.  The gels were prepared and 
run according to the method of Porzio and Pearson (12). 
Preparation  of Antisera 
Antisera were prepared as previously described (9). 
0.2  mg of tubulin was mixed with a  slurry of diethyl- 
aminoethyl (DEAE)-Sephadex-A50 (1 ml) and cross- 
linked with glutaraldehyde. An emulsion was prepared 
with Freund's complete adjuvant (1:1) and administered 
subcutaneously to  rabbits.  After  two  doses  at  weekly 
intervals, animals received the tubulin-DEAE slurry as a 
dilute intravenous suspension in 0.15 M NaC1 containing 
0.05 M pH 7.4 sodium phosphate, 0.5 ml containing 0.2 
mg of antigen, on three occasions 10 days apart. Each 
animal received a total of 1.0 mg of antigen. Two to five 
weekly hleedings were pooled for each animal. Porcine 
brain tubulin was given to two animals while rat brain 
tubulin was administered to six animals (of which four 
responded, two with the Fuller preparation and two with 
the  highly purified  Wiche and  Cole  material).  Preim- 
munization sera were employed as the normal control in 
all cases. The specificity  of the antisera was determined 
by all of the following: ability to stain the mitotic spindle 
as determined by indirect immunofluorescence; specific 
blocking of the spindle staining by purified tubulin and 
not by actin, a-actinin, myosin, troponin-tropomyosin; 
ability of the antisera to stain 3T3 cytoplasmic microtu- 
bules (courtesy of Dr. E. Lazarides, Cold Spring Harbor 
Laboratories);  demonstration  of  a  single  line  on  im- 
munoelectrophoresis with rat brain extract and purified 
tubulin (Fig. 2); and failure of the control sera to show 
any  of  these  results.  Antisera  were  analyzed  by  the 
quantitative precipitin technique and were found to con- 
tain 30 •  10/~g antibody/ml (9). 
To further assure  the purity of the tubulin and the 
antiserum directed against it, precipitin curves were con- 
structed by  using both pure  tubulins (porcine  and rat 
brain),  rat  brain  homogenate  (adjusted  to  equivalent 
tubulin concentration based on  tubulin content deter- 
mined by SDS-gel analysis), and the unrelated antigen, 
rat skeletal muscle actin (Fig. 3). As can be seen, allow- 
ing for experimental error, the three fractions containing 
tubulin give superimposable curves with a single equiva- 
lence  point.  Actin  did  not  produce  any  measurable 
precipitate. Furthermore, analysis of the washed precipi- 
tate at equivalence revealed only a single species (aside 
from the immunoglobulin) and it had a mobility on SDS- 
acrylamide gel identical to that of tubulin. It should also 
be noted that the Wiche and Cole procedure assures that 
the isolated material also fulfills the polymerization be- 
havior characteristic of tubulin (17). 
The  serum  fraction containing the  antitubulin anti- 
body of each pool  was  prepared by precipitation with 
ammonium sulfate (to a  final concentration of 1.6 M). 
Precipitates were dialyzed extensively against saline, ad- 
justed  to  5-  to  10-fold  concentrations of  antibody as 
compared to the original sera, aliquoted, and stored at 
-40~  until used. 
After  removal  from  rats,  tracheas  were  fixed  and 
immersed in an aqueous solution of 2% paraformalde- 
hyde with 0.037 M sodium phosphate buffer adjusted to 
pH  7.2.  After  1 h  of fixation, the tracheas were  split 
longitudinally  and  washed  for  12  h  in  phosphate- 
buffered  saline  (PBS;  Difco  Laboratories,  Detroit, 
Mich.) to which 10% sucrose had been added. 
The washed tissues were frozen by immersion in liquid 
nitrogen and then thawed as a means of mildly disrupting 
the cells so that antisera and solutions could penetrate 
them. The half-tracheas were transferred to a  1:40 PBS 
GORDON  ET  AL.  Demonstration  of Tubulin in Rat Tracheal Epithelium  587 FIGURE  1  SDS-polyacrylamide gel of preparation used in this study. Gels consist of 1:100 bisacrylamide 
(10%),  0.4 M, pH  8.8 Tris-glycine, 5%  glycerol and 0.1%  SDS.  In each gel there is 0.03-1.0  mg of 
protein (0.05 ml sample applied). Gels were run at constant current for approximately 3 h, f'Lxed, stained 
with Coomassie Brilliant Blue, and destained in methanol:acetic acid:water (1: 2:17). (a) Crude prepara- 
tion in the isolation of tubulin from rat brain. (b) Purified rat brain tubulin prepared by cyclic polymeriza- 
tion and depolymerization. 
FIGURE  2  Immunoelectrophoresis of crude rat brain extract (upper well) and the purified tubulin (Fig. 
I b) derived from it. Rabbit antitubulin employed in these studies is in the trough. The purified tubulin is 
approximately 0.1 mg/ml, the crude extract 10.0 mg/ml, and the antisera has been concentrated 10-fold 
with regard to  the globulin fraction by precipitation with  1.6  M  (NH4)2SO4  and redissolved in  PBS. 
Matching single lines are seen in both cases. The anode is at the left (+). 
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FIGURE  3  Microprecipitin analysis  of rabbit  antirat  brain  tubulin  with  several antigens.  Each  point 
represents the mean of duplicate determinations employing 2.5 ml of antiserum rat brain homogenate, 
purified rat brain tubulin, purified porcine brain tubulin, and purified rat muscle actin. No other precipitate 
peaks were detected when as much as 1.5 mg of tubulin was employed per milliliter of antiserum. 
dilution  of the rabbit antiporcine or rat tubulin  (9/zg/ml 
antibody final concentration) and incubated at 37~  for 
1  h.  Specimens were removed from the  diluted anti- 
serum and washed for 30  min in three changes of PBS 
sucrose. The specimens were then transferred to a  1:40 
dilution  of  sheep  Fab  antirabbit  IgG  (SARG;  1.25 
/zg/ml)  coupled to  horseradish peroxidase (glutaralde- 
hyde; Pasteur Institute, Garches, France) and incubated 
for 1 h at 37~  After three 10-rain washes in PBS-10% 
sucrose, the tissues were treated with 3% glutaraldehyde 
in  PBS-10%  sucrose for 30  min to  fix the antibodies 
to the tissue  sites. The fixative  was thoroughly washed 
out  with three changes of PBS-sucrose for periods in 
excess of 1 h. The tissues were then incubated for 7-10 
min  in a  0.5%  solution of 3,3-diaminobenzidine tetra- 
hydrochloride (DAB) to which H202 had been added to 
make a  final  concentration of 0.01%  treated with  1% 
unbuffered osmium tetroxide to render the DAB reac- 
tion  product  electron dense, dehydrated with  ethanol 
followed by propylene oxide, and embedded in  Epon 
812. 
Control  specimens consisted of:  (a)  tracheas  incu- 
bated with normal rabbit serum (NRS) rather than spe- 
cific  antiserum  against  tubulin  and  then  sequentially 
treated with SARG and DAB; (b) tracheas treated with 
SARG  followed by  DAB;  (c)  tracheas  treated  with 
DAB  alone; and  (d)  tracheas treated with antitubulin 
antiserum which had been absorbed with one of four 
different amounts of purified tubulin immunogen (1, 3, 
5, 10/zg/ml antiserum) and then diluted to 1:40.  After 
incubation with  this absorbed primary  antiserum, the 
tissue  was sequentially treated with SARG and DAB. 
The last control tests for the specificity of this antiserum 
when  used  in  a  histochemical staining  procedure  for 
transmission electron microscopy. 
Sections, 1 p.m thick, were cut from all  blocks and 
examined with  a  light  microscope. The  presence and 
distribution of dense precipitates in  ciliated  cells  were 
evaluated under double-blind conditions. Representative 
areas of labeled cells were sectioned for electron micros- 
copy, as were random areas from blocks in which no 
precipitate was discerned with the light microscope. The 
sections were examined without  staining with salts  of 
heavy metals. 
RESULTS 
Cell structure was maintained in both experimen- 
tal and control tissues. In particular, basal bodies, 
terminal filament webs, and cilia showed normal 
morphology. The plasma membranes, nuclei, and 
mitochondria  were  also  grossly  intact  but  ex- 
hibited focal disruption. Cytoplasmic microtubules 
and endoplasmic reticulum were not preserved. 
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specimens exposed sequentially to rabbit antitubu- 
lin, SARG coupled to horseradish peroxidase, and 
H2Oz-diaminobenzidine before osmium tetroxide 
fixation. Light microscopy revealed deposition pri- 
marily at the apical ends of ciliated cells (Fig. 4). 
In  the  controls,  no  precipitation  was  observed 
(Fig.  5).  At  the  ultrastructural  level,  a  heavy, 
finely particulate precipitate was localized to the 
outer doublet and central pair of axonemal micro- 
tubules and outer triplet microtubules of the basal 
bodies (Figs. 6, 8, 9). The precipitate coated the 
outer surface  of the  tubules and did not extend 
onto  the  connecting arms  or  the  spokes  of  the 
cilia, the striated rootlets of basal bodies, or the 
interbasal  body  filaments.  Controls  (a-c)  were 
free of fine precipitate at these sites (Fig. 7). All 
the  immunogen-absorbed antisera, including the 
preparation treated with the lowest concentration 
of  tubulin, were  found  not  to  produce  staining 
(Fig.  10). 
DISCUSSION 
The tubules that constitute the axonemes of cilia, 
flagella, and sperm tails are morphologically simi- 
lar to cytoplasmic microtubules. However, the ar- 
rangement (9 ￿  2 +  2) of the tubules suggests that 
structural and chemical differences may exist be- 
tween  these  tubules  and  cytoplasmic  microtu- 
bules. Biochemical isolation of cytoplasmic micro- 
tubules of neurons reveals two species of tubulin 
(14). Similar biochemical studies of axonemal tu- 
bules of flagella also exhibit two species of tubulin, 
one of which shares physical and chemical proper- 
ties  with  one of the  tubulins from  neurotubules 
(17).  Tubulin  from  chick  brain  has  also  been 
shown  to  assemble  onto  flagella  and sperm  tail 
microtubules (1). We have now demonstrated that 
tubulin extracted from porcine or rat brain cross- 
reacts antigenically with components of axonemes 
of cilia in the tracheal epithelium of the rat. 
Although this  evidence does  not establish the 
identity of the proteins of microtubules from dif- 
ferent ceils or even prove complete chemical iden- 
tity of proteins with shared antigenic sites, it does 
reveal  a  measure  of similarity between microtu- 
bules from brain cells and those of cilia of cells of 
the respiratory tract. This degree of conservation 
of structure of the tubulin molecule from  cell to 
cell  across  species  lines has  been  previously re- 
ported (5, 9,  17). The difficulty in isolating puri- 
fied cilia from this epithelium, which is composed 
of several different cell types in varying propor- 
tions, may preclude more direct tests of their com- 
position. To an even greater extent, the limitations 
of isolation techniques would impede analysis of 
basal bodies from the ciliated cells. Electron mi- 
croscopy  with  enzyme-labeled immunoglobulins, 
which permits an approach to the composition of 
these cell substructures in situ, enabled us to dem- 
FmURE 4  A  1 /zm-thick section of tracheal epithelium treated first with rabbit antitubulin  and then with 
FAB fragments of SARG coupled to horseradish peroxidase.  This light micrograph  exhibits  the dense 
precipitate on the apical surface end of a ciliated cell (arrow). The dense precipitate is the osmiophilic 
reaction product formed after incubation of the tissue with HzO~ and DAB. Stained with methylene blue 
and azure II. Bar, 10/zm.  ￿  1,300. 
FmURE 5  A  1  /zm-thick section of control tracheal epithelium, treated with rabbit serum rather than 
rabbit amitubulin, does not exhibit any precipitated reaction product at the apical end and cilia of ciliated 
cells. Stained with methylene blue and azure II. Bar, 10 t~m. x  1,300. 
FIOURE 6  Electron micrograph  of an unstained ultrathin section from tracheal  epithelium treated with 
rabbit antitubulin  and then with FAB fragments of SARG coupled to horseradish  peroxidase  show that the 
label is localized to basal bodies and axonemes of cilia. Bar, 1 g.m. ￿  15,000. 
FIGURE 7  Cells of control tracheal  epithelium exposed  to normal rabbit serum followed by horseradish 
peroxidase  coupled FAB fragments of SARG do not show dense precipitates  on ciliary tubules or basal 
bodies after H2Oz-DAB incubation and treatment with osmium tetroxide solution. Bar, 1 /.~m. x  15,000. 
FmuRE 8  A longitudinal  section through the cilia and basal bodies at higher magnification demonstrates 
antitubulin  antibody localized along the tubules of the axonemes and on basal bodies. The sections are not 
stained with lead or uranyl salts. Bar, 200 nm. x  60,700. 
FIGURE 9  A  cross section  through cilia at higher  magnification reveals  sites of binding of antitubulin 
antibody to the periphery of the tubules of cilia. The sections are not stained with lead or uranyl salts,  x 
60,700. 
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section from tracheal epithelium treated with antitubulin 
antiserum  that  had  been  absorbed  with  tubulin  at  a 
concentration of 1 /~g tubulin/ml antiserum. The tissue 
was then sequentially incubated with FAB fragments of 
SARG  coupled  to  horseradish peroxidase and  HzO2- 
DAB.  There  are  no precipitates associated with basal 
bodies and axonemes of cilia. Bar, 1 p,m.  x  15,000. 
onstrate that basal bodies also bind the antiserum 
with specificity for tubulin. 
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